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ABSTRACT

An electronically specific collisional radiative model
is proposed to predict the populations of excited
electronic states CN(A,B) and N2(A,B,C) in or-
der to assess nonequilibrium radiation effects during
the entry of Huygens in Titan’s atmosphere. The
model coupled with a flow solver by means of a La-
grangian method is applied to shock-tube experi-
ments and Huygens entry simulations. The popula-
tion of CN(A) in the entry case is found to be close to
a Boltzmann population. The population of CN(B)
is a factor 2 lower than a Boltzmann prediction for
the high pressure case (t = 187 s) and a factor 40
lower for the low pressure case (t = 165 s).

1. INTRODUCTION

This work addresses modeling of nonequilibrium ra-
diation in molecular plasmas produced during the
entry phase of the Huygens probe in Titan’s atmo-
sphere. Radiative heating, a critical issue in the de-
sign of the probe thermal protection shield, is pri-
marily due to spontaneous deexcitation of the CN
radical from excited electronic states (violet and red
bands) [1]. Radiation modeling involves determi-
nation of the population distribution over internal
energy levels (electronic for atoms, rotational, vi-
brational, and electronic for molecules) and of the
radiative contribution of each of these levels. Un-
der full nonequilibrium conditions, the internal level
populations are obtained by solving a system of rate
equations, or collisional radiative (CR) model, in-
volving all possible reactions between the internal
levels of atoms and molecules. Under Local Ther-
modynamic Equilibrium conditions, the populations
of internal levels are determined by assuming chem-
ical equilibrium and by using Boltzmann distribu-
tions, which only require knowledge of the pressure
and the equilibrium temperature. Boltzmann pop-
ulations in thermo-chemical nonequilibrium repre-
sent an intermediate step towards the description of
nonequilibrium radiation. In the latter case, species
concentrations are obtained by a finite rate chem-
istry model and energy levels are populated accord-
ing to Boltzmann distributions at the rotational, vi-
brational, and electronic temperatures.

Nonequilibrium effects can strongly enhance or re-
duce the radiation relative to predictions based on

Boltzmann distributions. For instance, in experi-
ments conducted at Stanford with a recombining ni-
trogen plasma, the radiation was measured to be six
times higher than predictions based on the Boltz-
mann assumption [2]. Vibrationally and electroni-
cally specific CR models were developed for nitrogen-
oxygen plasmas [2, 3], whereas only electronically
specific CR models of CN were proposed to estimate
nonequilibrium radiation effects during Huygens en-
try [4, 5]. To date, there is no fully validated CR
model for the determination of the CN radiation.

We propose an electronically specific CR model to
predict the populations of excited electronic states
CN(A,B) and N2(A,B,C) coupled by quenching.
The influence of absorption on the populations
stressed in [4] is not object of the present study.
Therefore, this nonlocal effect is neglected here to
avoid cumbersome calculations due to the flow-
radiation coupling. Rotational and vibrational en-
ergy levels are assumed to be populated following
Boltzmann distributions respectively at the gas tem-
perature T = Tr and at the electron temperature
Te = Tv. The CR model is coupled with a flow solver
by means of a Lagrangian method. Calculations are
presented for two applications: shock-tube experi-
ments and Huygens entry simulations. We examine
departure of the electronic state populations from
Boltzmann distributions.

2. ELECTRONIC CR MODEL

The kinetic mechanism comprises spontaneous emis-
sion of the excited states, excitation-deexcitation by
nitrogen and electron collisions, pooling of N2(A),
and quenching of N2(A) by excitation of CN(X) to
CN(B):
• Radiative deexcitation

CN(A) → CN(X) + hν (1)
CN(B) → CN(X) + hν (2)
N2(B) → N2(A) + hν (3)
N2(C) → N2(B) + hν (4)
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Table 1. Radiative transitions of CN and N2 electronic states.
# Transition name Spectroscopic notation Energy [eV] Ref. Lifetime [s] Ref.
1 CN red CN(A2Σ+

u ) → CN(X2Σ+) 1.15 [6] 1.54× 10−5 [7]
2 CN violet CN(B2Σ) → CN(X2Σ+) 3.19 [6] 6.55× 10−8 [7]
3 N2 first positive N2(B3Πg) → N2(A3Σ+

u ) 1.17 [6] 7× 10−6 [7]
4 N2 second positive N2(C3Πu) → N2(B3Πg) 3.66 [6] 3.65× 10−8 [8]

Table 2. Forward and backward reaction rates of the CR model.
# Reaction Rates [mole cm−3s−1] Ref.
5 CN(X) + N2(X) � CN(A) + N2(X) kf (Ta) = 1.5× 1011T 0.5

a exp(−13300/Ta) [7]
kb(T ) = kf (T )/Keq(T )

6 CN(X) + N2(X) � CN(B) + N2(X) kf (Ta) = 1.8× 1011T 0.5
a exp(−37000/Ta) [7]

kb(T ) = kf (T )/Keq(T )
7 N2(X) + N2(X) � N2(A) + N2(X) kf (Ta) = 1012T−0.5

a exp(−71610/Ta) [7]
kb(T ) = kf (T )/Keq(T )

8 N2(A) + N2(X) � N2(B) + N2(X) kf (Ta) = 1.2× 1013 exp(−13495/Ta) [7]
kb(T ) = kf (T )/Keq(T )

9 N2(B) + N2(X) � N2(C) + N2(X) kf (T ) = Keq(T )kb

kb = 5.1× 1013 [9]
10 CN(X) + N2(X, v = 4) � CN(A) + N2(X,v = 0) kf = 6× 1013 [7]

kb(T ) = kf/Keq(T )
11 CN(X) + N2(X, v = 11) � CN(B) + N2(X,v = 0) kf = 6× 1013 [7]

kb(T ) = kf/Keq(T )
12 CN(X) + e− � CN(A) + e− kf (Tv) = 6× 1014T 0.5

v exp(−13300/Tv) [7]
kb(Tv) = kf (Tv)/Keq(Tv)

13 CN(X) + e− � CN(B) + e− kf (Tv) = 6.3× 1014T 0.5
v exp(−37000/Tv) [7]

kb(Tv) = kf (Tv)/Keq(Tv)
14 N2(X) + e− � N2(A) + e− kf (Tv) = 2.4× 1015T 0.1

v exp(−71610/Tv) [7]
kb(Tv) = kf (Tv)/Keq(Tv)

15 N2(X) + e− � N2(B) + e− kf (Tv) = 2.8× 1016T−0.1
v exp(−85740/Tv) [7]

kb(Tv) = kf (Tv)/Keq(Tv)
16 N2(X) + e− � N2(C) + e− kf (Tv) = 2.3× 1015T 0.1

v exp(−127900/Tv) [10]
kb(Tv) = kf (Tv)/Keq(Tv)

17 N2(A) + e− � N2(B) + e− kf (Tv) = 3× 1015 exp(−13495/Tv) [7]
kb(Tv) = kf (Tv)/Keq(Tv)

18 N2(A) + N2(A) � N2(X) + N2(B) kf = 1.8× 1014 [10]
kb(T ) = kf/Keq(T )

19 N2(A) + N2(A) � N2(X) + N2(C) kf = 9× 1013 [10]
kb(T ) = kf/Keq(T )

20 N2(A) + CN(X) � N2(X) + CN(B) kf (T ) = 4.2× 1012T 0.5 [11]
kb(Ta) = kf (Ta)/Keq(Ta)



• Collisional (de)excitation with nitrogen

CN(X) + N2(X) � CN(A) + N2(X) (5)
CN(X) + N2(X) � CN(B) + N2(X) (6)
N2(X) + N2(X) � N2(A) + N2(X) (7)
N2(A) + N2(X) � N2(B) + N2(X) (8)
N2(B) + N2(X) � N2(C) + N2(X) (9)

• Resonant collisional (de)excitation with nitrogen

CN(X) + N2(X,v = 4) � CN(A)
+N2(X,v = 0) (10)

CN(X) + N2(X,v = 11) � CN(B)
+N2(X,v = 0) (11)

• Electron impact (de)excitation

CN(X) + e− � CN(A) + e− (12)
CN(X) + e− � CN(B) + e− (13)
N2(X) + e− � N2(A) + e− (14)
N2(X) + e− � N2(B) + e− (15)
N2(X) + e− � N2(C) + e− (16)
N2(A) + e− � N2(B) + e− (17)

• Pooling

N2(A) + N2(A) � N2(X) + N2(B) (18)
N2(A) + N2(A) � N2(X) + N2(C) (19)

• Quenching

N2(A) + CN(X) � N2(X) + CN(B) (20)

The transition lifetimes corresponding to Eqs. (1)-
(4) are found in Table 1. Spontaneous emission
of the metastable N2(A) excited state is neglected.
The reaction rates of Eqs. (5)-(20) are given in Ta-
ble 2. The reverse process is based upon the microre-
versibility principle, adequately adapted to thermal
nonequilibrium chemistry. An average temperature
Ta =

√
TTv is used for excitation reactions by

molecular impact. The electron-impact excitation-
deexcitation rates are computed at the vibrational
temperature. The majority of rates arise from a
Russian database [7] developed for Martian entries.
For the resonant molecular impact reactions (10) and
(11), the vibrational population of N2(X) is assumed
to follow a Boltzmann distribution. The forward rate
of reaction (20) measured by Pintassilgo et al. [11]
at 300 K is extrapolated to higher temperatures by
asuming a squareroot temperature dependance of the
rate.

The excited states of N2 can have a significant con-
tribution to the total equilibrium radiative heat flux
especially at early times of certain trajectories [1].
Therefore, it must be checked that these states are
not depleted by quenching mechanism such as shown
in Eq. (20). An additional quenching process re-
sults in the dissociation of a molecule colliding with

Table 3. Excitation energy of N2 electronic states.
Process Energy [eV] Ref.
N2(X1Σ+

g ) → N2(C3Πu) 11.05 [6]
N2(X1Σ+

g ) → N2(B3Πg) 7.39 [6]
N2(X1Σ+

g ) → N2(A3Σ+
u ) 6.22 [6]

Table 4. Dissociation energy of O2 and of major
molecules present in Titan’s atmosphere.

Process Energy [eV] Ref.
N2 � N + N 9.76 [6]
CN � C + N 7.76 [6]
C2 � C + C 6.21 [6]
CH3 � CH2 + H 5.16 [12]
O2 � O + O 5.12 [6]
CH4 � CH3 + H 4.64 [12]
CH2 � CH + H 4.60 [12]
H2 � H + H 4.56 [6]
CH � C + H 3.69 [12]
NH � N + H 3.47 [6]

N2(A,B,C). This reaction is likely to occur if the
energy released during the transition of N2(A,B,C)
to the ground state is higher than the dissociation
energy of the partner molecule. Transition energies
of N2 electronic states and dissociation energies of
O2 and of major molecules present in Titan’s atmo-
sphere are given in Tables 3 and 4. During Earth’s
reentries, it may be argued that the N2 excited states
are quenched by dissociation of O2 so that radia-
tion is not a critical process. During Titan’s en-
tries, quenching of the N2(C) state by dissociation
of N2 or CN is a possible reaction not accounted for
in our model. Eventually, CN(A,B) excited states
cannot be efficiently quenched by dissociation of any
molecule present in the gas seeing the low transition
energy of CN(A,B) to the ground state (see Table 1).

The mass fraction yi of a species in an excited elec-
tronic state i is obtained from mass conservation

∂

∂t
yi =

Mi

ρ
ω̇i, (21)

where Mi is the molar mass, ρ the density, and ω̇i

the chemical source term. Eq. (21) is solved accu-
rately in time following a cell of fluid by means of a
Lagrangian method. The thermodynamic variables
(pressure and temperatures) and mass fractions yCN

and yN2 of the total population of CN and N2 are de-
duced from a separate flow computation. Time and
space variables are related by the change of variable
∂t = ∂x/u, where u is the flow velocity. The ground
state populations are obtained from mass conser-
vation relations yCN(X) = yCN − yCN(A) − yCN(B)

and yN2(X) = yN2 − yN2(A) − yN2(B) − yN2(C). The
Lagrangian approach is applied to the simulation



Table 5. Shock-tube flow characteristics.
Quantity Case 1 Case 2
xN2,1 0.98 0.914
xCH4,1 0.02 0.086
p1 [Pa] 13.3 133.3
T1 [K] 300 300
Tv1 [K] 300 300
us [ms−1] 5150 5930
xN2,2 0.98 0.914
xCH4,2 0.02 0.086
p2 [Pa] 3273 42260
T2 [K] 12556 15954
Tv2 [K] 300 300
u2 [ms−1] 876 993

of shock-tube experiments and entry flows. The
method is compared with the Quasi-Steady-State
(QSS) approximation used in [4], where all excited
electronic states are assumed to be in steady state.

3. SHOCK-TUBE RESULTS

Shock-tube experiments were carried out at NASA
AMES Research Center for conditions representa-
tive of Titan’s aerocapture trajectory [13]. Our CR
model is applied to two shot conditions presented in
Table 5. Freestream characteristics are denoted by
the subscript 1. Symbol xi stands for the mole frac-
tion of species i, us for the measured shock veloc-
ity. Post-shock characteristics, denoted by the sub-
script 2, are derived from jump relations assuming
the gas composition and vibrational energy mode to
be frozen, the rotational energy mode being in equi-
librium with the translational one. The electronic
energy mode is not accounted for in the flow solver.

The downstream flowfield is computed by solving
onedimensional conservation equations of mass of the
species, momentum, global energy, and vibrational
energy of the nitrogen molecule

∂

∂x


ρuyi

ρu2 + p
ρu

(
h + 1

2 u2
)

ρuyN2e
V
N2

 =

 Miω̇i

0
0

MN2 ω̇N2e
V
N2

+ ΩV T
N2

 , (22)

where i ∈ S, the set of indices of the mixture
species. The mixture energy reads e =

∑
j∈S yjej ,

the mixture enthalpy h = e + p/ρ, the pressure p =
ρRT

∑
j∈H(yj/Mj)+ρRTvye/Me, where H is the set

of indices of the heavy particles and R the univer-
sal gas constant. The species energy ei is composed
of translational and formation contributions for elec-
trons [ee = eT

e (Tv)+eF
e ] and for atoms [ei = eT

i (T )+
eF
i ], and of translational, rotational, vibrational, and

formation contributions for molecules [ei = eT
i (T ) +

eR
i (T ) + eV

i (Tv) + eF
i ]. Energies of individual species

are computed assuming the rigid rotor and harmonic

Table 6. Thermal nonequilibrium chemistry model.
Process kf kb

Dissociation, M=heavy particle Ta T
Dissociation, M= electron Tv Tv

Radical reaction T T
Associative ionization T Tv

Electron impact ionization Tv Tv

Charge transfer T T

oscillator approximations for molecules. Spectro-
scopic constants are taken from Gurvich et al. [14].
The vibrational-translational energy transfer of ni-
trogen follows a Landau-Teller relaxation formula
ΩV T

N2
= ρyN2 [e

V
N2

(T ) − eV
N2

(Tv)]/τV T
N2

with a relax-
ation time τV T

N2
=

∑
j∈H xj/

∑
j∈H(xj/τV T

N2j) where
τV T
N2j is based on Millikan-White’s formula and in-

cludes Park’s correction [15]. No radiation coupling
by absorption is assumed in the energy equation. Af-
ter some lengthy algebra [16], Eq. (22) is transformed
into a system of ordinary differential equations

∂

∂x

yi

u
T
Tv

 =


Miω̇i/ρu

(b2c1 − b1c2)/(a1b2 − a2b1)
(a1c2 − a2c1)/(a1b2 − a2b1)

ΩV T
N2

/
(
ρuyN2

∂
∂Tv

eV
N2

)
 , (23)

with the coefficients

a1 =
ρu2

RT
− ρ

∑
j∈H

yj

Mj
− ρ

yeTv

MeT
(24)

b1 =
ρu

T

∑
j∈H

yj

Mj
(25)

c1 = −
yeΩV T

N2

MeTyN2
∂

∂Tv
eV
N2

−
∑
j∈H

ω̇j − ω̇e
Tv

T
(26)

a2 = ρu2 (27)

b2 = ρu
∑
j∈H

yj
∂

∂T
eT
j + ρu

∑
j∈Hp

yj
∂

∂T
eR
j (28)

c2 = −

ye
∂

∂Tv
eT
e +

∑
j∈Hp

yj
∂

∂Tv
eV
j

 ΩV T
N2

yN2
∂

∂Tv
eV
N2

−
∑
j∈S

hjMjω̇j (29)

where Hp stands for the set of indices of molecules.
The Titan mixture is composed of 19 species: C, H,
N, C2, CH4, CH3, CH2, CH, CN, H2, HCN, N2, NH,
C+, H+, N+, CN+, N+

2 , and e−. Gökçen’s reduced
chemistry model [17] for N2 −CH4 −Ar mixtures is
used to evaluate the chemical source terms ω̇i. Re-
action rate temperatures are specified in Table 6.

The computed temperature field and composition
are shown in Figs. 1-3 for case 1. Temperature re-
laxation occurs after 2 cm. Molecular nitrogen re-
mains the major species through the shock layer.



This observation justifies why N2(X) is the privi-
leged collision partner in Eqs. (5)-(9). Fair agree-
ment is found with NASA AMES results, except for
the ionized species composition. The excited state
populations are given in Figs. 4 and 5 for case 1 and
Figs. 6 and 7 for case 2. Populations computed by
the CR model get closer to Boltzmann distributions
in thermo-chemical nonequibrium when the pressure
increases. As an illustration, the Boltzmann popula-
tion of CN(B) is ten times higher than the nonequi-
librium one at a pressure of 13.3 Pa and only twice
higher at 133 Pa. Moreover, the CN(A) population
is closer to a Boltzmann distribution compared with
the CN(B) population. The populations should fur-
ther increase if radiative excitation due to absorption
was included in the CR model, as established in [4].
The QSS approximation proves to be valid except
for the N2(A,B,C) excited electronic states near the
shock in case 1.
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Figure 1. T and Tv temperatures in the post-shock
region, case 1.
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gion, case 1: Boltzmann, −− Lagrangian, and +
QSS.
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gion, case 1: Boltzmann, −− Lagrangian, and +
QSS.
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Figure 6. CN(A,B) densities in the post-shock re-
gion, case 2: Boltzmann and −− Lagrangian.
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Figure 7. N2(A,B,C) densities in the post-shock re-
gion, case 2: Boltzmann and −− Lagrangian.

4. HUYGENS ENTRY RESULTS

The CR model is applied to two points of the nomi-
nal trajectory Yelle, xN2,1 = 0.95, xCH4,1 = 0.03, and
xAr,1 = 0.02, −65◦ path flight angle, no gravity wave.
The gas mixture is composed of 20 species: Ar, C, H,
N, C2, CH4, CH3, CH2, CH, CN, H2, N2, NH, Ar+,
C+, H+, N+, CN+, N+

2 , and e−. The free stream
conditions (denoted by the subscript 1) and flow
characteristics obtained by the LORE code [1, 18]
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Figure 10. Composition (ions and electrons) com-
puted by LORE [1], case 4.
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Figure 12. N2(A,C) densities, case 3:
Boltzmann, · · · reactions (1)-(9), ◦ reactions

(1)-(19), and 4 reactions (1)-(20).
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Figure 13. N2(B) density, case 3: Boltzmann,
· · · reactions (1)-(9), ◦ reactions (1)-(19), and 4
reactions (1)-(20).
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Figure 14. CN(A,B) densities, case 4:
Boltzmann, · · · reactions (1)-(9), −− reac-

tions (1)-(11), and × reactions (1)-(17).
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Figure 15. N2(A,C) densities, case 4:
Boltzmann, · · · reactions (1)-(9), × reac-

tions (1)-(17), ◦ reactions (1)-(19), and 4 reactions
(1)-(20).
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Figure 16. N2(B) density, case 4: Boltzmann,
· · · reactions (1)-(9), × reactions (1)-(17), ◦ reac-
tions (1)-(19), and 4 reactions (1)-(20).

5. CONCLUSION AND FURTHER DE-
VELOPMENT

An electronically specific collisional-radiative model
was proposed here as a first step to quantify
nonequilibrium radiation during the entry of Huy-
gens in Titan’s atmosphere. The CR model was
solved accurately in time by means of a Lagrangian
method. For the entry simulations, the population
of CN(A) is found to be close to a Boltzmann
population. The population of CN(B) is a factor
2 lower than a Boltzmann prediction for the high
pressure case (t = 187 s) and a factor 40 lower
for the low pressure case (t = 165 s). Reaction
N2(A) + CN(X) � N2(X) + CN(B) is found to
be important at low pressure. In a further step,
these nonequilibrium populations will be used to
determine the radiative heat fluxes following the
approach developped in the case of Boltzmann
distributions [1].

It is difficult to estimate the importance of nonequi-
librium effects on radiation without the help of a CR
model validated by experimental data. Among the
data available [13, 19], we have used in this work the
shock-tube experiments conducted at NASA Ames
since they help to quantify nonequilibrium effects.

Because reaction rates depend on the vibrational
population distribution in the ground state of
molecules [resonant molecular impact reactions (10)
and (11), inverse predissociation of N2(B,C) de-
scribed by Laux [2], the CR model must be both
electronical and vibrational state-specific. The de-



velopment of a reliable CR model of CN represents a
necessary long term investment for future planetary
missions on Titan, Mars, Venus,. . .
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2002. VKI LS 2002-07.

[3] M. Capitelli, G. Colonna, and I. Armenise. State
to state electron and vibrational kinetics in one
dimensional nozzle and boundary layer flows,
Physico-chemical models for high enthalpy and
plasma flows, Fletcher et al. editors, Rhode-
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